Brassinosteroids (BRs) play crucial roles in many aspects of plant development. However, their function in spikelet differentiation and degeneration in rice (Oryza sativa L.) remains unclear. Here, we investigated the roles of these phytohormones in spikelet development in field-grown rice subjected to five different nitrogen (N) fertilization treatments during panicle differentiation. BR levels and expression of genes involved in BR biosynthesis and signal transduction were measured in spikelets. Pollen fertility and the number of differentiated spikelets were closely associated with 24-epicastasterone (24-epiCS) and 28-homobrassinolide (28-homoBL) levels in spikelets. Enhanced BR biosynthesis and signal transduction, in response to N treatment, enhanced spikelet differentiation, reduced spikelet degeneration, and increased grain yield. Increases in proton-pumping ATPase activity, ATP concentration, energy charge, and antioxidant system (AOS) levels were consistent with 24-epiCS and 28-homoBL concentrations. Exogenous application of 24-epiCS or 28-homoBL on young panicles induced a marked increase in endogenous 24-epiCS or 28-homoBL levels, energy charge, AOS levels, spikelet differentiation, and panicle weight. The opposite effects were observed following treatment with a BR biosynthesis inhibitor. Our findings indicate that, in rice, BRs mediate the effects of N fertilization on spikelet development and play a role in promoting spikelet development through increasing AOS levels and energy charge during panicle development.
INTRODUCTION
Due to rapid increases in population size, there is an urgent need to increase crop yields, especially for rice (Oryza sativa L.), the most important staple food in Asia, providing 35%-80% of the total caloric intake (Makino, 2011; Zhang et al. 2016) . Panicle size, an agronomic trait that greatly contributes to rice grain productivity, mainly depends on the number of spikelets per panicle (Tang et al. 2011; Ding et al. 2014) . A large panicle with numerous spikelets is a major target trait for increasing the sink capacity and yield potential of rice (Tang et al. 2011; Zhang et al. 2017b ).
Final panicle size depends on spikelet differentiation as well as spikelet degeneration (Ashikari et al. 2005 ). Young spikelet abortion or degeneration frequently occurs on the basal position of the panicle during spikelet development. This problem, known as preflowering floret abortion, is a serious physiological defect that causes yield losses in cereal crops (Liao et al. 2012) . Increasing grain yields in cereals hinges on reducing or eliminating this abortion process. Tremendous efforts have been made to increase the number of differentiated spikelets in rice using agronomic, genetic, and molecular approaches (Ashikari et al. 2005; Makino, 2011; Ding et al. 2014; Ding et al. 2016a; Ding et al. 2016b; Zhang et al. 2017b ).
However, little is known about the physiological mechanism underlying spikelet development, especially spikelet degeneration.
Brassinosteroids (BRs) are a group of naturally occurring steroid hormones that includes brassinolide (BL), castasterone (CS), and their various derivatives. These phytohormones play critical roles in a wide range of plant developmental processes, including seed germination, vascular differentiation, pollen tube growth, nucleic acid and protein biosynthesis, and flower and fruit production by inducing an array of physiological changes (Hayat et al. 2010; Zhang et al. 2014) . BRs are widely distributed throughout reproductive and vegetative plant tissues and do not travel long distances in the plant (Symons et al. 2006) . Thus, local BR biosynthesis is critical for the regulation of downstream signaling.
OsD2 and OsD11 are key genes involved in the BR biosynthetic pathway (Zhang et al. 2014) . BRs bind to the receptor kinase BRI1 (Brassinosteroid Insensitive 1) on the cell surface to activate a signal transduction pathway that regulates nuclear gene expression, as well as plant growth and development (Bai et al. 2007 ). Rice orthologs of Arabidopsis BR-related genes, such as OsBAK1, OsBZR1, OsGSK1, and OsGSK2, have been identified and shown to play conserved roles in BR signal transduction (Zhang et al. 2014) . However, little is known about whether and how BRs might regulate spikelet differentiation and degeneration during panicle development in rice.
Panicle size is determined by both genetic and environmental factors. Nitrogen (N) fertilizer is one of the most yield-limiting nutrients in crop production. The proper management of N fertilization is essential for improving grain yield while minimizing negative environmental effects (Tylaran et al. 2009 ). Application of N fertilizers during panicle initiation (PI) and spikelet differentiation increases spikelet differentiation and prevents differentiated spikelets from degenerating (Yoshida et al. 2006; Zhang et al. 2013 ).
However, it is unknown whether BRs mediate these effects of N fertilization.
Like all aerobic organisms, plants employ well-developed metabolic pathways that utilize their energetic potential in the presence of oxygen (Navrot et al. 2007) . One potentially damaging effect of metabolism is the deleterious production of reactive oxygen species (ROS) during normal respiration, photosynthesis, and nitrogen fixation. ROS are thought to be the main factors damaging spikelet development in rice (Ahmad et al. 2010; Gill and Tuteja, 2010; Mittler et al. 2011; Zhang et al. 2017a; Heng et al. 2018) .
Plants have developed a complex antioxidant system (AOS) that eliminates ROS, including antioxidant enzymes, such as superoxide dismutase (SOD, EC 1.15.1.1) and catalase (CAT, EC 1.11.1.6) and non-enzymatic antioxidants, such as ascorbic acid (AsA) (Gratão et al. 2005; Gill and Tuteja, 2010; Fang et al. 2017) . Other important factors that enhance plant development include adenosine triphosphate (ATP) concentration and energy charge, i.e., the ratio of the sum of ATP and 1/2 adenosine diphosphate (ADP) levels to ATP, ADP, and adenosine monophosphate (AMP) levels (Liu et al. 2016) . Therefore, it would be interesting to determine whether BRs manipulate the levels of ROS, AOS, and energy charge and, thereby, regulate spikelet differentiation and degeneration.
The goals of this study were to investigate: (i) whether BRs are involved in spikelet development in rice; (ii) whether BRs mediate the effect of N fertilization on rice spikelet differentiation and degeneration, and (iii) the physiological mechanism underlying the involvement of BRs in spikelet development. We examined the temporal patterns of BR levels and the expression of key genes involved in the BR biosynthetic and BR signal transduction pathways. We also measured changes in the levels of AOS, H 2 O 2 , MDA, and ATP, as well as energy charge, in young panicles. Finally, we treated panicles with chemical regulators to verify the role of BRs in spikelet development. Our results shed light on the roles of BRs in mediating the effects of N fertilization on spikelet differentiation and degeneration in rice.
RESULTS

Changes in 24-epiCS and 28-homoBL levels
The levels of BRs 24-epiCS and 28-homoBL were first examined in young panicles of rice cultivar YD-6. Under the same N treatment and at all stages of panicle development, 24-epiCS and 28-homoBL levels were higher in the upper than in the lower parts of the panicle ( Figure 1A-F) . However, BR levels in the same parts of panicles varied with N treatment and stage of panicle development. Among the five N treatments, both 24-epiCS and 28-homoBL levels were highest at the SPD stage under N1 treatment (N applied at the PI stage; Figure 1A and D), at the PMC stage under N2 treatment (N applied at the SPD stage; Figure 1B and F), and at the PF stage under N3 treatment (N applied at the PMC stage;
Figure1C-F). N4 treatment (N applied at PI, SPD, and PMC) also significantly increased the concentrations of both BRs, at all three stages of panicle development, compared to no N application (CK). Rice cultivar YY-2640 exhibited similar changes in terms of 24-epiCS and 28-homoBL concentrations under all N treatments ( Figure S1A-F) .
Changes in the expression levels of genes involved in BR biosynthesis and BR signaling pathways
We next conducted time course analyses of the expression levels of the key BR biosynthesis genes, OsD2 and OsD11, and the key BR signaling pathway genes, OsBRI1, OsBZR1, OsBAK1, OsGSK1, and OsGSK2 ( were at their highest levels at the PMC stage when N was applied at the SPD stage (N2) and at the PF stage when N was applied at the PMC stage (N3) (Figure 2A-O) . The expression levels of these genes also significantly increased at all three stages of panicle development, when N was applied at the PI, SPD, and PMC stages (N4), compared with no treatment during panicle development (CK); this pattern is consistent with the effect of N treatment on BR concentration (Figure 1 ). Similar gene expression patterns were observed for cultivar YY-2640 ( Figure S2A -U).
Changes in H
+ -ATPase activity, ATP concentration, and energy charge 
Spikelet differentiation and degeneration and grain yield per panicle
The upper part of the panicle had significantly more differentiated spikelets and higher pollen fertility than the lower part, whereas it exhibited lower percentages of degenerated spikelets and sterile spikelets than the lower part of the panicle, under the same N treatment ( 
Effects of chemical treatments
To verify the roles of 24-epiCS and 28-homoBL in regulating spikelet development, we treated plants with chemicals that promote or inhibit 24-epiCS and 28-homoBL biosynthesis at the onset of the SPD stage and in the absence of N treatment during panicle development.
The most effective 24-epiCS or 28-homoBL concentration for increasing spikelet number per panicle was 10 nM, whereas higher concentrations of 24-epiCS or 28-homoBL negatively (Tables S3, S4) .
DISCUSSION
Prior to this study, little was known about the roles played by BRs in the responses of young rice panicles to N fertilization. The present study showed that changes in H + -ATPase activity, AsA and ATP concentration, energy charge, and SOD and CAT activity were highly consistent with 24-epiCS and 28-homoBL concentrations and the expression of OsD2, OsD11, OsBRI1, OsBZR1, and OsBAK1, whereas these parameters were negatively correlated with OsGSK1 and OsGSK2 expression and H 2 O 2 and MDA concentrations, all of which are closely related to spikelet differentiation and degeneration (Figures 1-6, S1-S7). When we treated young panicles with 24-epiCS or 28-homoBL at the onset of the SPD stage, the percentages of degenerated spikelets and sterile spikelets significantly decreased, whereas the number of spikelets per panicle, percentage of fertile pollen, and panicle weight significantly increased.
The opposite effects were observed in young spikelets treated with BRZ (Tables 3, 4 , S3, S4).
These results suggest that BRs (24-epiCS and 28-homoBL) play an important role in enhancing spikelet development in rice.
Increases in BR biosynthesis or BR signal transduction are thought to enhance the roles of these phytohormones in regulating plant growth and development (Sakamoto et al. 2012; Liu et al. 2016) . OsD2 and OsD11 encode proteins in the cytochrome P450 superfamily that are thought to function in the BR biosynthesis pathway in rice (Sakamoto et al. 2012; Liu et al. 2016 ). Overexpressing both OsD2 and OsD11, in rice, increases grain size, grain number, and grain yield (Fang et al. 2016 , Wu et al. 2016 . We observed that changes in 24-epiCS and 28-homoBL levels were highly correlated with the expression levels of OsD2 and OsD11 in The data presented here also demonstrate that an appropriately high BR level enhances
OsD2 expression in panicles, whereas too much BR suppresses this process ( Figure S12C -F),
suggesting that BRs regulate OsD2 expression and function in a dose-dependent manner.
Further investigations are needed to confirm the mechanism by which BR biosynthesis genes are feedback-suppressed by BR signaling.
Little is known about how BRs regulate spikelet development in rice. Energy supply in the cell is an important factor driving the intracellular biochemical reactions necessary for growth and development (Cao et al. 2014) . ATPases are a class of enzymes that catalyze the decomposition of ATP into adenosine diphosphate (ADP) and a free phosphate ion, a process that produces energy (Heyes and Townsend, 1992) . Plasma membrane H + -ATPase also acts as a primary transporter by pumping protons out of the cell or into the lumen of the vacuole, thus creating pH and electrical potential differences across the plasma membrane, which plays a major role in activating ion assimilation and transport (Azevedo et al. 2008 ) and the H + /sucrose symporter (Borstlap and Schuurmans 2004) . Treating young panicles with 24-epiCS or 28-homoBL at the onset of the SPD stage increased 24-epiCS or 28-homoBL concentrations in young panicles (Tables 3, S3) .
Simultaneously, AsA concentration and SOD and CAT activity strongly increased, whereas MDA and H 2 O 2 concentrations decreased considerably. In addition, the spikelet number per panicle increased and the percentages of degenerated spikelets and sterile spikelets decreased, leading to higher grain yields (Tables 3, 4 
MATERIALS AND METHODS
Plant materials and culture conditions
This study was conducted on a research farm at the Yangzhou University, Jiangsu Province, China (32°30'N, 119°25'E) during the rice-growing season (May-October) in 2015 and 2016. Two rice (Oryza sativa L.) cultivars with different panicle sizes were used in this study: 
Treatments
The experiments were laid out in a completely randomized block design with three replicates.
The plot dimensions were 5 m × 6 m, and the plots were separated by an alley 1 m wide with plastic film inserted into the soil to a depth of 0.50 m. Treatments consisted of five N applications including no N fertilization during panicle development (CK) and four top-dressing treatments during panicle development. The four top-dressing treatments were N fertilization at panicle initiation (PI) (N1), spikelet primordium differentiation (SPD) (N2), the onset of pollen mother cell meiosis (PMC) (N3), and PI, SPD, and PMC (N4). For all N treatments, N was also applied at pre-transplanting (one day before transplanting) and early tillering (7 d after transplanting) at a rate of 48 and 36 kg ha 1 , respectively. The treatment details are shown in Table 1 . The developmental stages were observed by frequent inspections of meristems and leaf remainder (LR) as described by Ling et al. (1983) . PI was defined as the first appearance of a differentiated apex (LR: 4.0-3.5) and SPD as the appearance of glumous flower primordia at the tips of elongating primary rachis branches (the length of young panicles was approximately 1.0-1.5 mm; LR: 2.0-1.6). The onset of PMC was defined as the stage from premeiotic mitosis until meiosis (the length of a young panicle was approximately 3.0-4.0 cm; LR: 0.4-0.3). The stages of panicle development were observed under a microscope, and LR was observed by peeling and examining the leaves, as previously described (Ling et al. 1983 ).
Sampling
For each plot, 600 main stems were tagged during the tillering period, and 150 young panicles from the tagged stems were sampled at the SPD, PMC, and pollen filling (PF, ~85% of the final spikelet length, LR: 0-0.2) stages and used to measure BR concentration, the expression levels of BR synthesis genes (OsD2 and OsD11) and BR-signaling factor genes (OsBRI1, OsBZR1, OsBAK1, OsGSK1, and OsGSK2), the levels of AOS, H 2 O 2 , MDA, ATP, ADP, and AMP, and H + -ATPase activity in young panicles (all young panicles were evenly divided into the upper and lower parts according to panicle length).
Two hundred young panicles that had emerged two-thirds from the flag leaf sheath were chosen and tagged from each plot. The number of differentiated or degenerated spikelets located on the upper and lower parts of the sampled young panicles was counted.
Differentiated spikelets were defined as the sum of the developed spikelets and degenerated spikelets. The degenerated spikelet rate was defined as the ratio of degenerated spikelets to differentiated spikelets. Spikelet fertility was investigated using 60 panicles per treatment group at maturity and expressed as the percentage of fertilized spikelets to total developed spikelets (sterile spikelets, partially filled and fully filled spikelets) on a panicle. Grain weight and grain yield were determined from 50 plants per plot at maturity, avoiding plants at the boarders. These observations were performed, as described previously (Zhang et al. 2017b ).
Pollen grains from dehisced anthers of a panicle were collected and subjected to pollen fertility staining at anthesis, as previously described (Ling et al. 2015) . The percentage of fertile pollen was defined as the number of fertile pollen grains (stained by 1% iodine potassium-iodide solution) as a percentage of the total number of pollen grains per panicle.
BR extraction and quantification
Endogenous BRs were extracted and purified, as previously described (Ding et al. 2013 ) with some modifications. Briefly, each sample, comprising 4-6 g fresh young panicles, was ground using a tissue crusher (MM400, Retsch Corp, Haan, Germany), and 0.8 g ground power was transferred to a 10-mL centrifuge tube. Stable-isotope-labeled BRs [ 2 H 3 ]-BL (2 ng) and [ 2 H 3 ]-CS (2 ng) were added to the mixture as internal standards, followed by extraction with 4 mL acetonitrile overnight at 20°C. Extraction, dehydration and double-layered solid phase extraction (DL/SPE) were performed, as previously described (Chen et al. 2009 ). BRs were measured by high-performance liquid chromatography electrospray ionization-tandem mass spectrometry (HPLC-ESI-MS/MS), as previously described (Ding et al. 2013 28-homobrassinolide (28-homoBL) were analyzed because they are the most important BRs due to their high biological activity in plants (Bajguz et al. 2003) .
Determination of gene expression levels
The expression levels of several genes, including OsD2 and OsD11 (encoding BR Table S1 .
To verify the specificity of each primer set and to optimize PCR conditions such as annealing temperature and PCR efficiency, the fluorescence signal specificity of PCR amplification was detected for each primer pair and their melting curves (from 55 to 95°C) examined prior to experimental measurements. Rice ACTIN1 was used as an internal reference for all analyses.
Gene expression was normalized to that of ACTIN1. Three replications were conducted per sample.
Measurement of plasma membrane H + -ATPase activity, ATP concentration, and energy charge
The plasma membrane (PM) was isolated from young rice panicles, as previously described (Kasamo 1986) , and the protein was quantified by the Bradford (1976) method. PM H + -ATPase activity was assayed, as previously described (Briskin et al. 1987 ) and was expressed as μmol Pi mg 1 protein h 1 .
ATP, ADP and AMP extraction and activity measurements were conducted, as previously 
Measurement of H 2 O 2 , MDA and AOS concentrations
H 2 O 2 concentrations in young panicles were measured, as previously described (Brennan and Frenkel 1977) and were expressed as μmol g -1 DW. MDA concentration was assayed, via the thiobarbituric acid (TBA) reaction, as previously described (Heath and Packer 1968) . CAT activity was determined by monitoring the consumption of H 2 O 2 (extinction coefficient 39.4 mM 1 cm 1 ) at 240 nm for 3 min (Aebi 1984) . SOD activity was determined by measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolium (NBT), as previously 
Chemical treatments
To determine the appropriate BR concentration for promoting panicle development, concentration gradients of 24-epiCS or 28-homoBL were applied in a preliminary experiment.
Beginning at the onset of SPD, 0.1 nM, 1.0 nM, 10 nM, 50 nM, 100 nM or 500 nM 24-epiCS or 28-homoBL was applied to the panicles of the main stems of YD-6 by carefully injecting the solution ~2 cm from the basal stem with a 1-mL syringe (Ultra-Fine Needle Insulin Syringe, Becton, Dickinson and Company). The injection site is shown in the diagram ( Figure   S11 ). Physical damage caused by the injection event was not observed since the pinhole was For the main experiment, rice cultivars YD-6 and YY-2640 were grown in the field as described above without N fertilization during panicle development, with three replicates.
Beginning at the onset of the SPD stage, 10 nM 24-epiCS, 10 nM 28-homoBL, 10 nM brassinazole (BRZ, an inhibitor of BR biosynthesis) or 10 nM 24-epiCS +10 nM BRZ (all from Sigma Chemical Co., St Louis, MO, USA) were applied to the panicles of the main stems as described above ( Figure S11 ). For each chemical treatment, 300 stems (panicles)
were used as replicates. To confirm whether exogenous BRs were injected precisely into the panicle primordium, BR concentrations were measured in the panicle primordium and in the leaves around the panicle primordium. Injected samples were discarded if the BR concentration in the panicle primordium was not significantly higher than that of the control (without BR injection) or if the BR concentration in leaves around the panicle primordium was significantly higher than that of the control.
For each treatment, 50 tagged young panicles per plot were sampled and used to measure the levels of 24-epiCS and 28-homoBL, AOS, H 2 O 2 , MDA and ATP, as well as H + -ATPase activity and energy charge at the PMC and PF stages as described above. The number of differentiated or degenerated spikelets on the upper and lower parts of a panicle was counted using 60 panicles per treatment. Pollen fertility was measured using 30 panicles at anthesis.
Spikelet number per panicle and the percentage of sterile spikelets were counted using 30 main stems, and grain yield per panicle was determined from 60 main stems (panicles) per treatment at maturity as described above.
Statistical analysis
Analysis of variance was performed using the SAS/STAT statistical analysis package (version 9.2, SAS Institute, Cary, NC, USA). Data from each sampling date were analyzed separately.
Means were tested by least significant difference at the P = 0.05 levels (LSD 0.05 ). Regressions were used to evaluate the relationships between BR levels in young panicles and the number of differentiated spikelets, degenerated spikelets (%), pollen fertility (%), sterile spikelets (%), H + -ATPase activity, ATP concentration, energy charge, AOS levels, and MDA and H 2 O 2 concentrations.
The differences between years and the interactions of year × cultivar and year × N treatment were not significant (F>0.05), and therefore the data across the two study years were averaged. As both cultivars showed the same tendencies for BR levels and spikelet development, only the data for cultivar YD-6 are shown in this paper; the data for YY-2640 are presented in the Supporting Information file at JIPB online. and OsD2 expression (C-F) in young rice panicles Table S1 . Forward (F) and reverse (R) primers used to amplify genes involved in BR biosynthesis and BR signaling in young rice panicles Table S2 . Grain yield per panicle and yield components of rice cultivar YY-2640 subjected to various nitrogen (N) treatments Table S3 . Effect of chemical treatments on levels of brassinosteroid (BR), antioxidant system (AOS), hydrogen peroxide (H 2 O 2 ), and malondialdehyde (MDA) and energy charge in young rice panicles at the pollen mother cell meiosis (PMC) and pollen filling (PF) stages Table S4 . Effect of chemical application on spikelet development and grain yield in the lower and upper parts of the rice panicle 
